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In spite of relatively high cost solar photovoltaic systems
(SPV), there has been very remarkable growth in Photovoltaic
systems. Recent studies show an exponential increase in the
worldwide installed photovoltaic power capacity (Khan,
2009; Saeed and Sharma, 2009). There are some problems
for solar photovoltaic system manufacturing companies: Higher cost of SPV.
 Disposal problem of PV module.
 Carbon emission during manufacturing of SPV.
 Energy cost during manufacturing of SPV.
To overcome the above problems recycling of SPV is the
best solution (Fthenakis, 2000; Radziemska et al., 2010). Past
studies show that manufacturing cost of recycled SPV is one
third of new SPV, disposal problem is almost solved because
about 90% of the materials recovered from solar panels can
be recycled into useful products (Wambach et al., 2006), and
carbon emission and energy cost are low in manufacturing
recycled SPV. Modules can be manufactured with recycled
materials (Doi et al., 2003; Yamashita et al., 2003) and
reinstalled in systems as a full quality product with today’s
technology good for another 25–30 years (Bombach et al.,
2006).The only challenge in recycling of SPV, is that cells
and modules must meet all quality standards of today’s
photovoltaic products. The recycling standard and recycling
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Figure 2 Electrical circuit representation of a practical solar cell.
Comparative analysis of old, recycled and new PV modules 23protocols of PV modules are the need of today to get a better
output performance and energy payback (Goe and Gaustad,
2014; McDonald and Pearce, 2010). Based on mechanical
processing for broken modules, and combined thermal and
mechanical method for end-of-life modules, thin ﬁlm PV recy-
cling is developed (Berger et al., 2010). The recovery of pure
silicon from waste PV modules contributed to the solution of
several problems such as the supply of silicon, manufacturing
costs, and end-of-life management of PV modules (Kang et al.,
2012). Recycling of polycrystalline silicon, amorphous silicon
and CdTe photovoltaic panels was studied and investigated
with different techniques and processes to get the best recovery
of these materials (Cyrs et al., 2014; Granata et al., 2014;
Marwede et al., 2013). A study has been done on the degrada-
tion of different types of backsheet used in PV module which
can be used in recycled PV module (Kim et al., 2014). The mar-
ket price of the derived materials is an important factor for
deciding the proﬁtability of the recycling process and this illus-
trates the importance of recovering the glass and expensive
metals from PV modules with various efﬁcient methods
(Choi and Fthenakis, 2014).
This paper presents comparative analysis of old, recycled
and new PV modules with the help of MATLAB. The input
parameter and output parameter of old, recycled and new
PV modules are compared with simulating the PV characteris-
tics. For simulating the PV characteristics, mathematical
modelling of PV cell and modules is studied and derived. Sev-
eral models are available in the literature; the single diode
matches the PV characteristics at different locations in a large
geographical area (Huld et al., 2010). The two important
parameters of solar cell that is ideality factor and reverse sat-
uration current in both laboratory and ﬁeld conditions using
silicon modules are studied and demonstrated (Pattanayak
et al., 2014). The manufacturer datasheet provides the infor-
mation regarding certain remarkable points on the PV charac-
teristics (Villalva et al., 2009). The parameters of the PV model
are estimated from the module datasheet by varying the solar
radiation and temperature (Chatterjee et al., 2011). The output
performances of single diode PV model are improved by using
the Rp-model (Yetayew and Jyothsna, 2013). The generalised
mathematical model of a PV panel from manufacturer’s data-
sheet is validated for different solar irradiation and tempera-
tures (Rahman et al., 2014). The new compound method to
extract the ﬁve parameters of the PV model is reliable and
accurate and provides good performance of PV modules (Bai
et al., 2014). To reduce computational time a novel simpliﬁed
two diode model of photovoltaic PV module is presented
(Babu and Gurjur, 2014). The parameter extraction of a ﬁve
parameter double diode model of PV cells and modules using
approximated analytical solution which is a low cost and fast
parameter extraction is modelled and presented (Hejri et al.,
2014). The simple analytical model of PV module is developed
to determine the cost premium associated with module
efﬁciency, temperature coefﬁcient, irradiance weighted, operat-
ing cell temperature and balance of system cost (Kang et al.,
2014).
This paper consists of six sections. Section 1 describes the
brief introduction. Section 2 presents the proposed approach.
Section 3 presents the mathematical modelling of PV cell. Sec-
tion 4 presents the simulation of PV array. Section 5 presents
the results and discussion. Finally, Section 6 provides some
important conclusions that we have drawn from this study.2. Proposed approach
Fig. 1 shows the proposed approach implementation steps
which use simulated results. Read the input parameters of
old, recycled and new PV modules and simulate them in
MATLAB. Plot the I–V and P–V characteristics of old, recy-
cled and new PV module at different temperatures and isola-
tions. Compare the output parameters of old, recycled and
new PV modules. About 90% of power is recycled from old
PV module as compared to new PV module.
3. Mathematical model of PV cell
Solar cell is made of a PN junction diode and its characteristics
are similar to diodes. The arrangement of solar cells connected
in series and parallel is called an array. Electrical circuit repre-
sentation of a practical solar cell (Kharb et al., 2014; Patel and
Agarwal, 2008; Villalva et al., 2009) is shown in Fig. 2. Practi-
cal arrays are composed of several connected PV cells and the
observation of the characteristics at the terminals of the PV
array requires the inclusion of additional parameters to the
basic equation.
I ¼ Ipv  I0 exp Vþ IRs
aVT
 
 1
 
 Vþ IRs
Rp
ð1Þ
where Ipv and I0 are the photovoltaic (PV) and saturation
currents, respectively, of the array and VT ¼ NskT=q is the
Discrete,
s = 1e-005 s
powergui
Vocn
V
V1
v
+
-
V
P
To Workspace2
V
To Workspace1
I
To Workspace
Scope
Rs
Rp
Products -
+
Ipv
Im
I
I1
i
+
-
I
s -
+
Controlled Voltage Source1
Im.
Figure 3 Developed Simulink model of the PV module.
Table 1 Comparison of input parameters of old, recycled and new PV modules.
S. no. Parameter Old PV module Recycled PV module New PV module
1 Rs (ohm) 0.09 0.00522 0.00322
2 Rp (ohm) 1850 2750 3100
3 Ns 36 36 36
4 q 1.60217646 · 1019 1.60217646 · 1019 1.60217646 · 1019
5 k 1.3806503 · 1023 1.3806503 · 1023 1.3806503 · 1023
6 a 1.185 1.25 1.95
7 Ki 0.0032 0.0032 0.0032
8 Kv 0.1230 0.1230 0.1230
11 Gn 1000 1000 1000
12 Tn 325 325 325
14 Eg 1.12 1.12 1.12
15 Ion (A) 1 · 1014 1 · 1015 1 · 1016
Table 2 Comparison of output parameters of old, recycled and new PV modules.
S. no. Parameter Old PV module Recycled PV module New PV module
1 Iscn (A) 2 2.75 3
2 Vocn (V) 40 44 48
3 Ipvn (A) 2 2.75 3
4 Ppvn (W) 80 121 144
5 Im (A) 1.7 2.3375 2.55
6 Vm (V) 34 37.4 40.8
7 Pm (W) 68 102.85 122.4
24 H. Ashfaq et al.thermal voltage of the array with Ns cells connected in series.
Cells connected in parallel increase the current and cells con-
nected in series provide greater output voltages. Rs is the
equivalent series resistance of the array and Rp is the equiva-
lent parallel resistance.q, V, k, T and a are the electron charge, the voltage across
the diode, Boltzmann’s constant, the junction temperature,
and the ideality factor of the diode respectively. The ideality
factor of a diode is a measure of how closely the diode follows
the ideal diode equation.
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Figure 4 I–V characteristics of old, recycled and new PV modules at isolation = 1000 W/m2 and temperature = 325 K.
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Figure 5 P–V characteristics of old, recycled and new PV modules at isolation = 1000 W/m2 and temperature = 325 K.
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Figure 6 I–V characteristics of old, recycled and new PV modules at Isolation = 900 W/m2 and temperature = 325 K.
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Figure 7 P–V characteristics of old, recycled and new PV modules at isolation = 900 W/m2 and temperature = 325 K.
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Figure 8 I–V characteristics of old, recycled and new PV modules at isolation = 1000 W/m2 and temperature = 330 K.
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Figure 9 P–V characteristics of old, recycled and new PV modules at isolation = 1000 W/m2 and temperature = 330 K.
26 H. Ashfaq et al.3.1. Effects of variation in solar radiation
The light-generated current of the PV cell depends linearly on
the solar irradiation and is also inﬂuenced by the temperature
according to the following equation,Ipv ¼ ½Ipv;n þ KiðT TnÞ  G
Gn
ð2Þ
where Ipv,n (in amperes) is the light-generated current at the
nominal condition (usually 25 C and 1000 W/m2), T and Tn
being the actual and nominal temperatures [in Kelvin],
(a)  PV module power (W) 
(b)  PV module voltage (V) 
(c) PV module current (A) 
Figure 10 Bar graph representation of (a) maximum power, (b)
open circuit voltage and (c) short circuit current of recycled PV
module compared to old and new PV module.
Comparative analysis of old, recycled and new PV modules 27respectively, G (watts per square metres) is the irradiation on
the device surface, Gn is the nominal irradiation, Ki is the short
circuit current/temperature coefﬁcient and Kv is the open cir-
cuit voltage/temperature coefﬁcient.3.2. Effect of varying cell temperature
The diode reverse saturation current varies as a cubic function
of the temperature and it can be expressed as:
I0 ¼ Io;n  Tn
T
 3
exp
qEg
ak
1
Tn
 1
T
  
ð3Þ
where Eg is the band gap energy of the semiconductor and I0,n
is the nominal saturation current.
4. Simulation of PV array
A Simulink model of the PV array is shown in Fig. 3. The tool
used for simulation is MATLAB/Simulink to illustrate and
verify the nonlinear I–V and P–V output characteristics of
PV module (Irwanto et al., 2014; Villalva et al., 2009). Various
input parameters of the old, recycled and new PV array are
shown in Table 1(Villalva et al., 2009). In the simulation the
following three types of PV module simulation are considered:
(1) Old PV module.
(2) Recycled PV module.
(3) New PV module.
On the basis of simulation of all three PV modules (i.e. old,
recycled and new) the output parameter is given in Table 2.
The output parameters Im, Vm and Pm are the current, voltage
and power at maximum power point, respectively
5. Result and discussion
Figs. 4 and 5 show the I–V and P–V characteristics of old,
recycled and new PV modules at isolation = 1000 W/m2 and
temperature = 325 K.Figs. 6 and 7 show the I–V andP–V char-
acteristics of old, recycled and new PV modules at isola-
tion = 900 W/m2 and temperature = 325 K. Figs. 8 and 9
show the I–V and P–V characteristics of old, recycled and new
PV modules at isolation = 1000 W/m2 and temperature =
330 K.
Figs. 4–9 show that old PV module is recycled to new PV
module with an increase in voltage, current and power. About
90% of power is recycled from old PV module as compared
with new PV module. Fig. 10 shows the bar graph comparison
of current voltage and power of old, recycled and new PV
modules.
After recycling the performance of the old PV module is
improved. The output characteristics i.e. short circuit current,
open circuit voltage and maximum power of recycled photo-
voltaic system are improved (shown in bar graph Fig. 10).
6. Conclusion
With the rising cost of electricity and advancement in solar PV
technology, there will be an increase in the demand of solar PV
technology within the residential and commercial markets. In
20–25 years these panels will reach their end-of-life and the
cumulative amount of PV waste will force the solar industry
to be more conscious about developing an environmental
and cost sustainable method for disposing this industrial
28 H. Ashfaq et al.waste. However the industry should not wait until then to take
action, and should start developing a recycling process that
will prevent a signiﬁcant amount of PV waste.
This paper presents comparative analysis of the character-
istics of old, recycled and new PV modules. It is observed that
the output (P–V and I–V characteristics) of the recycled mod-
ule is at par with the new module so the cells and modules
meet all quality standards of today’s photovoltaic products.
Recycling is attempted to develop a safe and cost-effective
process for the disposal of PV solar panels. Reclaiming of such
materials keep precious natural resources from being depleted,
as well as keeping these wastes out of our landﬁlls. The costs of
recycling and the potential savings have been revealed and
companies can now see the beneﬁts.References
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